Introduction {#s1}
============

Bidirectional changes of synaptic plasticity, expressed in the form of LTP and LTD, are involved in the encoding and storage of information in the hippocampus (Bear and Malenka, [@B2]; Bear and Abraham, [@B1]; Manahan-Vaughan and Braunewell, [@B41]; Kemp and Manahan-Vaughan, [@B28]). More recently, it has become apparent that the coupling of spatial learning experience with the induction of short-lasting forms of synaptic plasticity results in persistent long-term potentiation (LTP) or long-term depression (LTD), depending on the stimulation and learning conditions used (Kemp and Manahan-Vaughan, [@B28]). Strikingly, exploration of novel space leads to facilitation of LTP at all synapses studied to date (perforant path-dentate gyrus, Schaffer collateral-CA1, mossy fiber (mf)-CA3, commissural-associational-CA3) (Kemp and Manahan-Vaughan, [@B27], [@B29]; Hagena and Manahan-Vaughan, [@B16]). LTD, however, exhibits a more discriminatory relationship with spatial learning. Whereas LTD at perforant path-dentate gyrus synapses is facilitated by exploration of spatially arranged large novel objects that serve as orientational landmarks, at Schaffer collateral-CA1 synapses LTD is only facilitated when the spatial environment contains small, less prominent cues, that can even be partially concealed and thus cannot be used as orientational cues (Manahan-Vaughan and Braunewell, [@B41]; Kemp and Manahan-Vaughan, [@B27], [@B29]). At CA3 synapses, even more functional discrimination is evident: LTP at selected mf synapses is facilitated by novel landmarks, whereas LTD at commissural-associational fibers is facilitated by small spatial cues (Hagena and Manahan-Vaughan, [@B16]). These changes, that are referred to as learning-facilitated plasticity, are not simply driven by exploratory behavior: re-exposure to the spatial information days after the first exposure does not facilitate plasticity, and behavioral analysis has shown that learning occurred during exploration (Manahan-Vaughan and Braunewell, [@B41]; Kemp and Manahan-Vaughan, [@B28]; Hagena and Manahan-Vaughan, [@B16]; Popkirov and Manahan-Vaughan, [@B51]). The behavioral state of the animal is also likely to play an important role. One key factor in enabling the animal to distinguish salient from irrelevant information and to effectively store this information both synaptically and in the form of a memory engram, is the activity of neuromodulators (Devauges and Sara, [@B10]; Ikegaya et al., [@B21]; Swanson-Park et al., [@B58]; Straube and Frey, [@B56]; Bouret and Sara, [@B7]).

Of the extensive family of neuromodulators, the noradrenergic system is of particular interest. Adrenergic receptors are abundant throughout the whole brain and are found in equal distribution in the hippocampus, which receives its major adrenergic input from the locus coeruleus (Loy et al., [@B37]). Studies suggest a role of β-adrenergic receptors in network activity in area CA3 (Jurgens et al., [@B24]). Furthermore, the noradrenergic system is involved in multiple mechanisms underlying the formation of memory, such as reconsolidation (Roullet and Sara, [@B52]) and memory retrieval (Devauges and Sara, [@B10]; Murchison et al., [@B46]). It has also been shown that the noradrenergic system is important for novelty exploration (Delini-Stula et al., [@B9]) since an increase in noradrenergic activity, characterized by an increase in firing of the locus coeruleus is observed during novelty detection (Sara et al., [@B54]; Kitchigina et al., [@B32]). Activation of the β-adrenergic system also activates signaling cascades leading to the priming of metaplastic mechanisms in CA1 (Tenorio et al., [@B59]), and the β-adrenergic receptor subtype β1 modulates LTP through activation of MAP kinase (ERK) (Winder et al., [@B65]).

We have shown that activation of β-adrenergic receptors play a crucial role in NMDA receptor-dependent learning-facilitated long-term plasticity in the CA1 region of freely behaving adult rats (Kemp and Manahan-Vaughan, [@B30]; Lemon et al., [@B35]; Popkirov and Manahan-Vaughan, [@B51]). The CA3 mf synapse is likely to play a distinct role in information processing, due to its very characteristic mechanistic properties of synaptic plasticity (Contractor et al., [@B8]; Bortolotto et al., [@B6]; Hagena and Manahan-Vaughan, [@B15]). Based on behavioral studies, and work conducted either on place cell characteristics *in vivo* or synaptic plasticity *in vitro*, a role for mf synapses in pattern separation, pattern completion, and in forming heteroassociative connections between discrete memory patterns has been proposed (McNaughton and Morris, [@B43]; Treves and Rolls, [@B61]; O\'Reilly and McClelland, [@B50]; Blum and Abbott, [@B4]; Lee et al., [@B34]). Little is known about the relationship between mf synaptic plasticity and spatial learning in intact animals, and the neuromodulators that regulate this relationship. The question remains unanswered as to whether persistent (\>24 h) synaptic plasticity at mf synapses, that is distinct from CA1 and dentate gyrus plasticity both in its locus of expression and its induction mechanisms (Jaffe and Johnston, [@B22]; Zalutsky and Nicoll, [@B68]; Johnston et al., [@B23]; Bliss and Collingridge, [@B3]; Bear and Malenka, [@B2]; Hagena and Manahan-Vaughan, [@B15]), is also subject to regulation by neuromodulators such as noradrenalin. In the present study, we therefore, examined to what extent β-adrenergic receptors contribute to learning-facilitated plasticity in mf-CA3 synapses in freely behaving adult rats.

Materials and methods {#s2}
=====================

The present study was carried out in accordance with the European Communities Council Directive of September 22nd, 2010 (2010/63/EU) for care of laboratory animals and after approval of the local government ethics committee. All efforts were made to minimize the number of animals used.

Electrophysiology
-----------------

Seven-to eight-week old male Wistar rats (Charles River, Germany) were anaesthetized (Pentobarbital, 52 mg/kg, intraperitoneally) and underwent chronic implantation of hippocampal electrodes and a guide cannula, as described previously (Hagena and Manahan-Vaughan, [@B15]). Briefly, a monopolar recording electrode was implanted in CA3 stratum lucidum (AP: −3.2; ML: 2.2) and a bipolar stimulation electrode in the mf pathway (AP: −3.5; ML: −2.0). To enable injections, a guide-cannula was placed in the ipsilateral cerebral ventricle, as described previously (Manahan-Vaughan, [@B39]). Experiments were commenced 7--10 days after surgery. During all experiments the animals could move freely in the recording chamber (40 × 40 × 50 cm) and had free access to food and water. To allow the animals to acclimatize they were transferred to the experiment room the day before the experiment took place.

Before experiments were begun, animals were stringently assessed to confirm that recordings were obtained from mf-CA3 synapses. The mf synapse is highly sensitive to agonist activation of group II metabotropic glutamate receptors (mGluRs) by (2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropyl)glycine (DCG-IV) that selectively inhibits mf but not associational-commissural excitatory postsynaptic potentials (EPSPs) (Kamiya and Ozawa, [@B25]; Yeckel et al., [@B67]; Goussakov et al., [@B14], Figure [2A](#F2){ref-type="fig"}). Animals were excluded from the study when the field excitatory postsynaptic potential (fEPSP) responses evoked in the stratum lucidum failed to show strong sensitivity (i.e., a reduction of test-pulse-evoked responses by 60% or greater) to DCG-IV, 1 h after DCG-IV application. To avoid an influence on fEPSPs mediated by DCG-IV on subsequent experiments, it was ensured that potentials had fully recovered before those experiments were performed. In addition, routine studies were conducted to verify that N-methyl-D-aspartate (NMDA)-receptor dependent LTP was not evident in these synapses (Hagena and Manahan-Vaughan, [@B15]). Here, 30 min before tetanization to induce LTP, the NMDA receptor antagonist, D-AP5 was applied to examine whether LTP was influenced by the antagonist (Figure [2B](#F2){ref-type="fig"}). Only animals whose LTP was unaffected were included in the current study. Postmortem histological analysis of the electrode localizations was also conducted (Bock, [@B5]; Manahan-Vaughan et al., [@B40]).

For recordings from freely behaving animals, the head stage was connected to an amplifier and stimulator via a flexible cable with a swivel connector. Recordings were analyzed and stored on computer and the EEG was monitored throughout experiments to observe if animals had epileptic seizures as a result of patterned afferent stimulation. If this was the case the affected animals were excluded from the study.

To evoke fEPSPs a biphasic pulse was given with half-wave duration of 0.2 ms. For recordings, the stimulation intensity was set to produce a fEPSP, which was 40% of the maximal obtainable. The intensity was found on the basis of an input-output curve (maximal stimulation 900 μA). Each recording consisted of an average of five consecutive pulses at 0.025 Hz. To ensure stability of recordings, all animals were first tested in a baseline experiment where test-pulse stimulation was applied over the same time-period as subsequent plasticity experiments.

To induce LTD, low frequency stimulation (LFS) consisting of 900 pulses at 1 Hz, was given with a stimulus intensity that yielded potentials, which were 70% of the maximal fEPSP observed during the input-output curve analysis. Sub-threshold LFS (sLFS, 600 pulses), meaning patterned stimulation that was inadequate for the induction of persistent LTD, was applied to induce short-term depression (STD) (\<2 h). LTP was induced by high-frequency stimulation (HFS) of afferent fibers. This comprised of four bursts of 100 pulses at 100 Hz, with a 5 min interburst interval. For short-term potentiation (STP, \<2 h), 2 bursts of 100 pulses at 100 Hz (sHFS) were used. Animals participating in LTP experiments had a minimum age of 12 weeks as we observed that application of HFS in younger animals causes epileptiform seizures.

Spatial exploration
-------------------

In the experiments concerning learning-induced plasticity, a holeboard (39.8 × 39.8 cm) was inserted into the recording chamber immediately after the first hour of recording, and left there whilst patterned stimulation (sLFS, sHFS) was applied. Animals were allowed to explore the holeboard for 10 min before it was removed. The holeboard had four holes (5.5 cm in diameter and 5 cm deep) in each corner. The holes were empty in LTP (sHFS) experiments (*empty holeboard*). For LTD (sLFS) experiments, three large objects (5--10 cm in diameter and 5--12 cm in height) were inserted directly into the recording chamber for the duration of sLFS. To ensure maximal familiarization with the recording chamber and external environment, the individual rats were assigned a particular recording chamber where all experiments with the animal were carried out. Re-exposure to the holeboard or to the large objects (landmarks) took place at least 7 days after first exposure. The second re-exposure to the holeboard took place a further minimum of 7 days after first re-exposure. During re-exposure experiments the same holeboard was used, and in the case of LTD (sLFS) experiments, the landmarks were always placed in the same holeboard holes as used during novel exposure.

Drugs
-----

The β-adrenergic receptor antagonist propranolol or the agonist isoproterenol (Biotrend, Germany) were dissolved in isotonic saline (0.9% NaCl) solution and injected in a 5 μl volume. Throughout plasticity experiments, the drug amount used was 2 or 4 μg for propranolol and 20 μg for isoproterenol. The dosage was chosen on the basis of baseline experiments, where we found that basal synaptic transmission was unaffected. In control experiments a vehicle injection of 5 μl saline was given. The group II mGlu receptor agonist, DCG-IV (Tocris Cookson, Bristol, UK) was dissolved in isotonic saline (0.9% NaCl) solution. The amount of DCG-IV that was used (20 ng) was chosen because it has no effect on evoked responses in the dentate gyrus (Klausnitzer and Manahan-Vaughan, [@B33]) The NMDA-receptor antagonist D-AP5 D-(--)-2-amino-5-phosphopentanoic acid (Tocris-Cookson Ltd., Bristol, UK) was first dissolved in 5 μl of 1 N sodium hydroxide solution (NaOH), then 0.9% sodium chloride (NaCl) as added to make up a solution of 100 μl volume. All injections were given via the intracerebral ventricle (i.c.v.), specifically via the ipsilateral ventricle by means of the implanted cannula.

Data analysis
-------------

We used the initial slope of the fEPSP, which reflects the synaptic strength. For each time-point, five consecutively evoked responses at 40 s intervals were averaged. The first 30 min of recording (six time-points) served as baseline, and the results were expressed as the mean percentage ± the standard error of the mean (SEM) of the average baseline value. Recordings were made every 5 min until 30 min after LFS/HFS and then every 15 min until 4 h had elapsed. The following day an additional 1 h of recordings were obtained. For analysis of difference between groups a Two-Way ANOVA was applied. The levels of significance were set at *p* \< 0.05.

Results {#s3}
=======

Basal synaptic transmission is not influenced by antagonism of β-adrenergic receptors
-------------------------------------------------------------------------------------

First, we evaluated the effect of the β-adrenergic antagonist, propranolol, on basal synaptic transmission. It has been shown that a dose of 2 μg (applied to the lateral cerebral ventricle, i.c.v) does not significantly alter synaptic transmission evoked at Schaffer collateral---pyramidal cell synapses in the CA1 region (Kemp and Manahan-Vaughan, [@B30]). Thus, we assessed both this dose and a dose of 4 μg. Basal synaptic transmission in mf synapses was evoked by test-pulse stimulation at 0.025 Hz. Responses were stable in vehicle-injected controls over the ca. 24 h monitoring period. Treatment with propranolol (2 μg or 4 μg i.c.v.) had no influence on the stability of basal synaptic transmission at mf-CA3 synapses (Figure [1](#F1){ref-type="fig"}). For the 2 μg dose: \[ANOVA, *F*~(1,\ 244)~ = 0.06; *p* = 0.81; *n* = 8\]. For the 4 μg dose: \[ANOVA, *F*~(1,\ 398)~ = 5.82; *p* = 0.16; *n* = 8\].

![**β-adrenergic receptor antagonism does not alter basal synaptic transmission. (A)** Vehicle-injected animals exhibit stable basal synaptic transmission at mossy fiber---CA3 synapses for the duration of the experiment. Application of the β-adrenergic receptor antagonist, propranolol (2 or 4 μg) does not alter responses of basal synaptic potentials. *Line breaks* indicate changes in time scale. **(B)** Analogs represent fEPSP responses (i) 5 min pre-injection, (ii) 5 min post-injection, and (iii) 24 h post-injection in vehicle-injected animals (left upper panel), in animals injected with a dose of 2 μg propranolol (*right upper panel*) and in animals injected with a dose of 4 μg propranolol (*lower panel*). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0001){#F1}

Electrically induced synaptic potentiation is not altered by β-adrenergic receptor activity at mossy fiber---CA3 synapses
-------------------------------------------------------------------------------------------------------------------------

We then explored whether synaptic potentiation that endures for ca. 2 h was affected by antagonism of β-adrenergic receptors. In vehicle-treated animals, high frequency stimulation that was sub-threshold for inducing persistent LTP (sHFS: 2 bursts of 100 pulses at 100 Hz) elicited STP that endured for ca. 2 h (Figure [2](#F2){ref-type="fig"}). In the presence of propranolol (2 μg, i.c.v.), electrically-induced STP did not differ significantly from responses evoked in the presence of vehicle at the mf-CA3 synapse \[ANOVA, *F*~(1,\ 262)~ = 3.53; *p* = 0.06; *n* = 7 in both groups\] (Figure [2](#F2){ref-type="fig"}). Application of the group II mGlu receptor agonist, DCG-IV, after the recordings, selectively blocked mf responses by 40% or greater (Figure [2A](#F2){ref-type="fig"}). Synaptic plasticity evoked at mf-CA3 synapses is independent of NMDA receptor activation (Harris and Cotman, [@B17]). Application of the NMDA receptor antagonist, D-AP5 (3.9 μg), revealed no significant differences in evoked responses compared to controls \[ANOVA, *F*~(1,\ 381)~ = 3.81; *p* = 0.52; *n* = 9; Figure [2B](#F2){ref-type="fig"}\].

![**Electrically induced STP of mossy fiber synapses is not altered by application of a β-adrenergic receptor antagonist. (A)** Application of sHFS (two trains of 100 pulses at 100 Hz) results in STP. Treatment with the β-adrenergic receptor antagonist, propranolol (2 μg), did not change the responses elicited. After responses had returned to baseline levels, DCG-IV was applied to confirm that responses were evoked by stimulation of mossy fibers. *Line breaks* indicate changes in time scale. **(B)** Application of the NMDA receptor antagonist, D-AP5 (3.9 μg) 30 min prior to stimulation does not alter evoked responses of LTP at mf-CA3 synapses compared to control animals. Line breaks indicate changes in time scale. **(C)** Analog traces were recorded (i) 5 min pre-sHFS, (ii) 5 min post-sHFS, and (iii) 24 h after sHFS in the presence of vehicle (*left panel*) or propranolol (*right panel*). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms. **(D)** Analogs of fEPSP responses (i) 5 min pre-injection, (ii) 5 min post-injection, and (iii) 24 h post-injection of animals that received D-AP5. Vertical scale bar: 2 mV, horizontal scale bar 6 ms.](fnint-06-00023-g0002){#F2}

To examine whether antagonism of β-adrenergic receptors affects persistent LTP that lasts for over 24 h, we used a high frequency stimulation protocol that elicited robust LTP in vehicle-injected controls (HFS: 4 bursts of 100 pulses at 100 Hz) (Figure [3](#F3){ref-type="fig"}). Treatment with propranolol prior to HFS resulted in LTP that was not significantly different from vehicle-injected controls \[ANOVA, *F*~(1,\ 339)~ = 0.24; *p* = 0.62; *n* = 7 in both groups\] (Figure [3](#F3){ref-type="fig"}).

![**Electrically induced LTP of mossy fiber synapses is not affected by application of a β-adrenergic receptor antagonist. (A)** HFS (four trains of 100 pulses given at 100 Hz) elicits LTP. Injection of the β-adrenergic receptor antagonist, propranolol (2 μg), did not change the profile of the LTP elicited. *Line breaks* indicate changes in time scale. **(B)** Analog traces represent recordings taken (i) 5 min pre-LFS, (ii) 5 min post-HFS, and (iii) 24 h in the presence of vehicle (*left panel*), or propranolol (*right panel*). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0003){#F3}

Short- and long-term depression induced by low frequency stimulation is not modulated by β-adrenergic receptors
---------------------------------------------------------------------------------------------------------------

To test the influence of the β-adrenergic receptor antagonist, propranolol, on electrically-induced depression, STD was induced by application of 600 pulses at 1 Hz (sLFS). In vehicle-injected controls, sLFS elicited STD that endured for ca. 2 h (*n* = 6, Figure [4](#F4){ref-type="fig"}). Treatment with propranolol (2 μg, i.c.v.), prior to sLFS had no significant effect on the profile of STD (Figure [4](#F4){ref-type="fig"}, ANOVA, *F*~(1,\ 573)~ = 0.67; *p* = 0.41, *n* = 5).

![**Electrically induced short-term depression of mossy fiber synapses is not altered by a β-adrenergic receptor antagonist. (A)** In control groups, stimulation with 600 pulses at 1 Hz (sLFS), elicits STD at mf-CA3 synapses. Injection of the β-adrenergic receptor antagonist, propranolol (2 μg), has no influence on the evoked fEPSPs compared to vehicle-injected animals in the control group. *Line breaks* indicate changes in time scale. **(B)** Traces show analogs that represent fEPSP responses obtained pre-sLFS (i), 5 min post-sLFS and 24 h after sLFS in the presence of vehicle (*left panel*) or propranolol (*right panel*). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0004){#F4}

LFS (900 pulses at 1 Hz) induced persistent LTD of mf-CA3 synapses (\>24 h) in vehicle-injected controls (Figure [5](#F5){ref-type="fig"}, *n* = 9). When LFS was given in the presence of propranolol (2 μg, i.c.v., *n* = 9), LTD occurred that was not significantly different from that elicited in vehicle-treated animals \[ANOVA: *F*~(1,\ 305)~ = 1.28; *p* = 0.26\] (Figure [5](#F5){ref-type="fig"}). Increasing the amount of propranolol to 4 μg showed no difference in evoked potentials compared to vehicle-injected controls \[ANOVA: *F*~(1,\ 279)~ = 3.35; *p* = 0.07, *n* = 6\] (Figure [5](#F5){ref-type="fig"}).

![**β-adrenergic receptor antagonism has no effect on electrically induced long-term depression of mossy fiber synapses. (A)** Injection of the β-adrenergic receptor antagonist, propranolol (2 μg), has no significant effect on the profile of electrically induced LTD (elicited by low frequency stimulation, LFS, of 900 pulses at 1 Hz) compared to vehicle-injection. *Line breaks* indicate changes in time scale. **(B)** Analogs represent fEPSP responses obtained (i) 5 min pre-LFS, (ii) 5 min post-LFS, and (iii) 24 h post-LFS in the presence of vehicle (*left upper panel*), in the presence of a low dose (2 μg) of propranolol (*right upper panel*) or a high dose (4 μg) of propranolol (*lower panel*). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0005){#F5}

LTP facilitated by novelty exploration is dependent on β-adrenergic receptors
-----------------------------------------------------------------------------

Exploration of an empty holeboard during application of sHFS facilitated LTP at mf and commissural-associational synapses (Hagena and Manahan-Vaughan, [@B16]) as well as at perforant path-DG and Schaffer collateral-CA1 synapses (Kemp and Manahan-Vaughan, [@B27], [@B29]). To elucidate if synaptic potentiation of mf synapses that is elicited by changes in space, depends on activation of β-adrenergic receptors, exploration of an empty holeboard after application of propranolol was examined. When sHFS was given in vehicle-injected animals in absence of a holeboard, STP occurred (Figure [6](#F6){ref-type="fig"}). Whereas in control animals, the combination of sHFS with novel holeboard exploration facilitates LTP \[ANOVA: *F*~(1,\ 373)~ = 26.89; *p* \< 0.001, *n* = 8\] compared to control animals in absence of a holeboard, in the presence of the β-adrenergic receptor antagonist (2 μg, i.c.v., *n* = 6), no improvement of STP was seen due to holeboard exploration, suggesting that an inhibition of learning-facilitated LTP, associated with novel exploration of an empty holeboard, occurred \[ANOVA, *F*~(1,\ 519)~ = 0.09; *p* = 0.76\] (Figure [6](#F6){ref-type="fig"}). When the animal explored the holeboard for a second time, ca. seven days after first exploration, application of sHFS, facilitated LTP \[ANOVA, *F*~(1,\ 225)~ = 12.64, *p* \< 0.001\] (Figure [6](#F6){ref-type="fig"}). These findings are in line with previous reports that β-adrenergic receptor antagonism prevents both learning of the spatial environment of the holeboard and learning-facilitated LTP in the CA1 region (Kemp and Manahan-Vaughan, [@B29]) and as a result, the re-exposure to the holeboard is perceived as if the environment has never been explored before.

![**Learning-facilitated LTP in mossy fiber synapses is regulated by β-adrenergic receptors. (A)** In control experiments, application of sHFS (two trains of 100 pulses given at 100 Hz) in the absence of a novel holeboard (and in the presence of vehicle) elicits STP. The combination of sHFS with novel holeboard exploration facilitates STP into LTP. Injection of propranolol before novel exploration of an empty novel holeboard elicits STP that is similar to that seen in vehicle-injected controls. A second exposure to the holeboard (ca. one week after the original treatment with propranolol) facilitates LTP. *Line breaks* indicate changes in time scale. **(B)** Analog traces recorded (i) 5 min pre-sHFS, (ii) 5 min post-sHFS, and (iii) 24 h post-sHFS, from a vehicle-injected animal in the absence of holeboard (*left upper panel*), from a propranolol-treated animal that was exposed to a novel empty holeboard (*right upper panel*), from an animal that was re-exposed to a novel empty holeboard ca. one week after the treatment with propranolol (*lower left panel*) and from an animal that was exposed to a novel holeboard for the first time (*lower right panel*). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0006){#F6}

Learning-facilitated long-term depression is dependent on β-adrenergic receptors
--------------------------------------------------------------------------------

Application of LFS that is sub-threshold for inducing LTD (sLFS, 1 Hz, 600 pulses) induced STD at the mf-CA3 synapse that lasted for approximately 2 h before it returned to basal levels (*n* = 8; Figure [7](#F7){ref-type="fig"}). sLFS given to vehicle-injected controls during exploration of novel, spatially arranged landmark cues led to LTD that lasted for at least 24 h (*n* = 8, Figure [7A](#F7){ref-type="fig"}). Application of the β-adrenergic receptor antagonist propranolol (2 μg, i.c.v., *n* = 8) prior to sLFS and novel landmark-exposure resulted in STD, suggesting that learning-facilitated LTD has been prevented \[ANOVA, *F*~(1,\ 469)~ = 18.50; *p* \< 0.001\] (Figure [7A](#F7){ref-type="fig"}).

![**Learning-facilitated LTD depends on the activation of β-adrenergic receptors at mossy fiber-CA3 synapses. (A)** Application of 1 Hz stimulation (sLFS: 600 pulses) without objects induces STD at mossy fiber-CA3 synapses. sLFS given to vehicle-treated animals during exploration of landmark cues led to LTD that lasted for at least 24 h. In the presence of propranolol, LTD expression is impaired during exploration of three novel cues. LTD is facilitated when the animal explores the same three cues for the second time. Changes in time scale are indicated by *line breaks*. **(B)** Re-exposure of vehicle-treated animals to the landmark cues (ca. seven days after first exposure) results in STD, whereas re-exposure to the landmark cues, of the animals that were injected with propranolol (ca. one week previously, during the "novel exposure" experiment), facilitates LTD. A further (second) re-exposure of these animals to the landmark objects (ca. one week after the first re-exposure) results in STD. Changes in time scale are indicated by line breaks. **(C)** Analogs recorded during experiments shown in **(A)**, 5 min pre-sLFS (i), 5 min post-sLFS (ii) and 24 h post-sLFS (iii). *Top row* represents fEPSP responses obtained during application of sLFS in vehicle-treated animals in the absence of novel landmarks, *middle row* represent responses elicited in animals that underwent exploration of novel landmarks, and *bottom row* shows fEPSPs evoked in propranolol-treated animals that underwent exploration of novel landmarks. Vertical scale bar: 2 mV, horizontal scale bar: 6 msec. **(D)** Analog traces recorded during experiments shown in **(B)**, 5 min pre-sLFS (i), 5 min post-sLFS (ii), and 24 h post-sLFS (iii). The *top row* represent analogs from a vehicle-treated animal that underwent a second exposure to the landmarks, middle row depict fEPSP responses from a first re-exposure experiment (in an animal formerly treated with propranolol) and the bottom row represent responses of fEPSPs recorded during the second re-exposure experiment (in an animal formerly treated with propranolol). Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0007){#F7}

The experiment was repeated ca. seven days later using the same constellation of (now familiar) cues, this time applying a vehicle injection to all groups. Here, it was observed that due to the habituation to the landmark cues (Manahan-Vaughan and Braunewell, [@B41]; Lemon and Manahan-Vaughan, [@B35a]; Popkirov and Manahan-Vaughan, [@B51]), LTD was not facilitated in the control group upon re-exposure to the landmark cues (*n* = 8), whereas in the propranolol group (*n* = 5) the first re-exposure of the animals to the familiar cues facilitated LTD \[ANOVA, *F*~(1,\ 241)~ = 52.13; *p* \< 0.001\] (Figure [7B](#F7){ref-type="fig"}). This finding is in keeping with previous observations that propranolol blocks this type of spatial learning (Lemon et al., [@B35]). Thus, learning-facilitated LTD may not have occurred in the propranolol group because learning was prevented. In keeping with this hypothesis, exposing the animals formerly treated with propranolol once more (i.e., for the third time, second re-exposure) to the three spatially arranged landmarks induced STD that was significantly different from the first re-exposure after propranolol application \[ANOVA, *F*~(1,\ 172)~ = 39.59; *p* \< 0.001, *n* = 5\] (Figure [7B](#F7){ref-type="fig"}). There was no significant difference in the responses during the first re-exposure of the animals to the cues in the vehicle-treated group and the second re-exposure of the propranolol-treated group \[ANOVA, *F*~(1,\ 243)~ = 0.14; *p* = 0.71, *n* = 5\].

Activation of β-adrenergic receptors facilitates STP into LTP
-------------------------------------------------------------

To investigate whether the activation of β-adrenergic receptors can modulate STP and thus play an important role in the facilitation of LTP, we applied the β-adrenergic receptor agonist isoproterenol. In control animals, sHFS leads to STP that returned to baseline levels after ca. 180 min. Application of isoproterenol (20 μg) 30 min before sHFS, facilitated STP into LTP that lasted over 24 h \[ANOVA, *F*~(1,\ 202)~ = 52.845; *p* \< 0.001, *n* = 6\] (Figure [8](#F8){ref-type="fig"}).

![**Activation of β-adrenergic receptors facilitates STP into LTP. (A)** Application of sHFS (two trains of 100 pulses at 100 Hz) elicits STP in vehicle-injected animals. Injection of the β-adrenergic receptor agonist isoproterenol (20 μg) 30 min prior to stimulation significantly facilitates STP into LTP. *Line breaks* indicate change of time-scale. **(B)** Analog traces recorded from an animal during the control experiment (i) 5 min pre-sHFS, (ii) 5 min post-sHFS, and (iii) 24 h post-sHFS. Vertical scale bar: 2 mV, horizontal scale bar: 6 ms.](fnint-06-00023-g0008){#F8}

Discussion {#s4}
==========

This study offers two main observations: learning-facilitated plasticity at mf synapses is dependent upon activation of β-adrenergic receptors, whereas synaptic plasticity that is solely induced by electrical stimulation of mf afferents, is not. This suggests that plasticity associated by learning behavior is highly sensitive to regulation by β-adrenergic receptors and that this kind of plasticity may be mechanistically different from the standard experimental form of synaptic plasticity that is induced by electrical stimulation. This is supported by our observations that raising the dose of the β-adrenergic receptor antagonist did not result in an inhibition of electrically induced plasticity. These findings are in line with observations from other hippocampal synapses (Kemp and Manahan-Vaughan, [@B29]) but are all the more striking given the very clear mechanistic differences underlying synaptic plasticity at mf-CA3 synapses in comparison to the perforant path-dentate gyrus and the Schaffer collateral-CA1 synapse (Harris et al., [@B18]; Zalutsky and Nicoll, [@B68]; Johnston et al., [@B23]; Bliss and Collingridge, [@B3]; Manahan-Vaughan and Reymann, [@B42]; Maccaferri et al., [@B38]; Mellor and Nicoll, [@B44]; Nicoll and Schmitz, [@B48]).

Activation of the locus coeruleus by novelty leads to release of noradrenalin in the hippocampus and subsequent activation of β-adrenergic receptors (Sara et al., [@B54]; Kitchigina et al., [@B32]; Lemon and Manahan-Vaughan, [@B35a]). This response presumably serves to increase the salience of novel sensory information and enhanced hippocampal encoding (Lemon and Manahan-Vaughan, [@B35a]). The main source of noradrenalin in the brain is the locus coeruleus (Sara et al., [@B54]; Kitchigina et al., [@B32]) which, when activated for example by novel spatial stimuli, enhances the release of noradrenalin and also depresses synaptic responses at Schaffer collateral---CA1 synapses inducing NMDA receptor and β-adrenergic receptor dependent LTD (Lemon et al., [@B35]), that has been implicated in encoding of novel spatial information (Manahan-Vaughan and Braunewell, [@B41]; Li et al., [@B36]; Kemp and Manahan-Vaughan, [@B27]). This effect does not appear to be subregion-specific in the hippocampus, as learning-facilitated plasticity at both the mf-CA3 synapse and the Schaffer collateral-CA1 synapse (Kemp and Manahan-Vaughan, [@B30]) are regulated by β-adrenergic receptors. Furthermore, the locus coeruleus extends noradrenergic projections to the stratum lucidum of area CA3 (Loy et al., [@B37]) where β-adrenergic receptors have been found (Oleskevich et al., [@B49]), supporting the role of β-adrenergic receptors in synaptic plasticity in area CA3. β-adrenergic receptors appear to regulate synaptic plasticity by lowering the thresholds for the induction (Katsuki et al., [@B26]; Lemon et al., [@B35]) and supporting the expression of LTD and LTP (Thomas et al., [@B60]; Katsuki et al., [@B26]; Gelinas and Nguyen, [@B13]; Gelinas et al., [@B12]). This generalized property may reflect a directed change of responsiveness of the hippocampus in response to increase informational salience (mediated by locus coeruleus activity) that in turn contributes to facilitated expression of persistent synaptic plasticity and, presumably persistent memory. Activation of β-adrenergic receptors by injecting isoproterenol before application of sHFS facilitated LTP and simulated the effect of learning-facilitated plasticity. This suggests that release of noradrenaline that is triggered by novel spatial experience is a critical component for the processing of novel information by means of synaptic plasticity in the hippocampus.

Although synaptic plasticity at mf-CA3 synapses is mechanistically different from plasticity at Schaffer collateral-CA1 or perforant path-dentate gyrus synapses, common properties are also evident in terms of how hippocampal plasticity within the trisynaptic circuit is facilitated by learning events (Kemp and Manahan-Vaughan, [@B28], [@B29]; Hagena and Manahan-Vaughan, [@B16]). In particular both mf-CA3 and perforant path-dentate gyrus synapses exhibit a facilitation of LTD when patterned stimulation (that is sub-threshold for induction of lasting plasticity) is coupled with the novel exploration of large landmark features of an environment. Furthermore, selected synapses within all stages of the trisynaptic circuit respond with facilitated LTP to exposure to novel spatial environments (Kemp and Manahan-Vaughan, [@B28], [@B29]; Hagena and Manahan-Vaughan, [@B16]). This suggests a partnership of sorts between the dentate gyrus and CA3 region in terms of information processing, that may relate to the postulated role of the dentate gyrus in pattern separation (Kesner et al., [@B31]) and of the mf-CA3 synapse in pattern separation and completion, resulting in an rapid encoding of new information (Nakazawa et al., [@B47]; Lee et al., [@B34]).

It is striking, that β-adrenergic receptors are required for learning-facilitated plasticity but not for plasticity that was induced solely through patterned electrical stimulation. Both of these observations have also been reported for Schaffer collateral---CA1 synapses in freely behaving adult rats (Kemp and Manahan-Vaughan, [@B30]; Lemon et al., [@B35]). Interestingly, it has been reported that antagonism of β-adrenergic receptors impairs electrically-induced LTP in the rat dentate gyrus *in vivo* (Straube and Frey, [@B56]; Straube et al., [@B57]), suggesting that sub-regional effects of β-adrenergic receptors on hippocampal plasticity *in vivo* may occur. In contrast to the observation that pharmacological blockade of β-adrenergic receptors does not affect electrically-induced LTP at mf-CA3 and Schaffer collateral-CA1 synapses *in vivo*, in rodent hippocampal slices, plasticity that is solely induced by electrical stimulation is sensitive to pharmacological modulation of β-adrenergic receptors, both in Schaffer collateral-CA1 (Gelinas and Nguyen, [@B13]) and mf-CA3 synapses (Hopkins and Johnston, [@B19]). Conversely, in mouse hippocampal slices, an absence of effect of propranolol application on the expression of LTP in CA1 has been reported (Schimanski et al., [@B55]).

In our study, ligands were applied via the lateral cerebral ventricle. This means that effects on other hippocampal sub-regions or on structures neighboring the lateral ventricle cannot be excluded. In fact, we have also seen that antagonism of β-adrenergic receptors also affects synaptic plasticity in the CA1 region and dentate gyrus (Kemp and Manahan-Vaughan, [@B30]; Lemon et al., [@B35]). Furthermore, β-adrenergic receptors have been found in various regions of the rat brain, such as the cerebral cortex, hippocampus, the cerebellum, the thalamus, or the amygdala (Fuxe, [@B11]; Minneman et al., [@B45]). Thus, indirect effects may play a role in the changes in responses we observe here. Nonetheless, the finding that the mf synapse is so potently affected supports the possibility that the β-adrenergic receptor elicits a strong regulatory control of information processing within this hippocampal substructure.

Where does the difference lie between learning-facilitated LTP and LTP that is elicited by sole electrical stimulation of afferent fibers? Activation of β-adrenergic receptors results in an activation of the cAMP second messenger pathway. This pathway is important for the induction of LTP at mf-CA3 synapses *in vitro* (Huang et al., [@B20]; Weisskopf et al., [@B64]). In line with this, in CA1 synapses, activation of β-adrenergic receptors primes for induction of LTP (Gelinas and Nguyen, [@B13]; Gelinas et al., [@B12]). Under the conditions of learning-facilitation of LTP, weak potentiation is facilitated into strong and robust LTP by a novel learning experience. In general, novel information or exploration, leads to the activation of the locus coeruleus and the subsequent activation of β-adrenergic receptors (Sara et al., [@B53]). This in turn will support cAMP-dependent processes underlying LTP and may enable strengthening of weak plasticity. In line with this, it has been reported that β-adrenergic receptor activation enhances CA3 network activity by increasing CA3 burst activity (Jurgens et al., [@B24]) and facilitates the induction of LTP and sharp-wave ripples (Ul Haq et al., [@B62]). Under conditions where LTP is induced solely by electrical stimulation of afferent fibers, the LTP that is induced is already "strong." This induction of very potent and persistent LTP may thus circumvent the need for support through the noradrenergic system and enable cAMP-dependent pathways to be recruited by the stronger activation of glutamatergic receptors or by other neuromodulatory systems.

Conclusion {#s5}
==========

Whereas LTP at mf synapses is facilitated by exploration of a new environment, LTD is facilitated when spatial landmarks are included in a spatial environment. These differences may underlie the piecing together of different components of spatial representation such that a composite and comprehensive spatial memory is enabled. Both forms of plasticity are regulated by β-adrenergic receptors, whereas synaptic plasticity that is induced solely by electrical stimulation of mf synapses does not require activation of these receptors. This suggests that forms of synaptic plasticity that are induced experimentally by relatively strong synaptic stimulation may be relatively impervious to neuromodulators, because the threshold for inducing plasticity has already been reached. More fragile forms of synaptic plasticity that are enabled when weak afferent stimulation is coupled with a spatial learning experience appear more sensitive to neuromodulation by β-adrenergic receptors. This finding is in line with data obtained in previous studies, suggesting that the noradrenergic system, mediated by activation of β-adrenergic receptors in the hippocampus, plays a prominent role in increasing arousal and information processing during novel learning conditions (Sara et al., [@B54]; Vankov et al., [@B63]; Lemon and Manahan-Vaughan, [@B35a]; Kemp and Manahan-Vaughan, [@B30]).

The findings of this study support the assumption that learning-facilitated plasticity at mf synapses depends on the activation of the noradrenergic system. Our data also support that the processing of novel spatial information at mf-CA3 synapses is mediated by β-adrenergic receptors, which presumably transiently strengthen synaptic connections to promote the processing of salient information in favor of less relevant information. Furthermore, these findings indicate that the noradrenergic system may serve to mediate coherence in the processing of salient information across hippocampal synapses, and that the mf-CA3 synapse, despite mechanistic differences in synaptic plasticity compared to the other synapses of the trisynaptic circuit, may under these conditions respond *unisono* with other selected hippocampal synapses in the generation of a memory engram through synaptic plasticity.
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